The effect of the firing schedule on some physical properties of a group of Etrdria marls has been studled. Of particular interest are the thermal expansion and moisture expansion of the clays which reflect mineralogical changes occurring during the firing process.
INTRODUCTION
The Etruria Marl overlies the productive Coal Measures of the North Staffordshire Coalfield and consists of about a thousand feet of mainly red, purple, ochreous and greenish mottled clays and mudstones with occasional grey seams. Although the clays are sometimes calcareous, the greater part of the formation in North Staffordshire is free from calcite so that the term marl is not strictly applicable to much of the formation. Lenticular beds of greenish grit and sandstone, not in excess of l0 ft. in thickness in North Staffordshire, occur throughout the formation; these have been given the name of espley rocks in accordance with similar formations m the South Staffordshire Coalfield (Keeling and Holdridge, 1960) .
The whole formation forms an appreciable portion of the Upper Coal Measures in North Staffordshire; similar accumulations are found in South Staffordshire and in the Ruabon area of North Wales. The formation is of considerable economic significance being utilized for the manufacture of roofing-tiles, floor quarries and tiles, and engineering bricks both of the red and Staffordshire blue types. In North Staffordshire the familiar red teapot is made from certain of the marls, and although this is a relatively minor use for them, its importance can be judged from the fact that the largest producer was making of the order of five million teapots a year quite recently.
It was with a view to finding alternative supplies for teapot manufacturers that the marls studied here were investigated. Normally the bulk of the teapot marls are derived from two quarries in the valley of the Fowlea Brook at Goldendale and Bradwell Wood, respectively. Both of these quarries occur at the northern end of the outcrop; the samples studied in this paper were derived from Silverdale (G-J) towards the S.W. of the area and from Goldenvale (K-L), a tilery close to the Bradwell Wood quarry.
COMPOSITION OF MARLS
The ultimate analyses of the marls are shown in Table 1 . Of a selection of 51 Etruria marls, 20 had silica contents in the range of 55-60 per cent. and 13 in the range 60-65 per cent. (Holdridge, 1959a) : marls ! and K can, therefore, be considered as more siliceous than the average. For testing purposes the marls were passed through a 60 B.S. sieve so the analyses will not correspond precisely with the material used in the physical tests. It was noteworthy that the two least siliceous samples gave the least residue on the sieves, but the highest residue was given by G, not I, so that sieving does not remove quartz alone. Experience with these clays has shown that hard aggregates of clay, bonded with a ferruginous, and occasionally a calcareous, material frequently occur (Keeling, 1954) . The difference in thermal expansion of a sieved (-60 B.S.S.) unfired Etruria Marl and the residue on the sieve was illustrated in an earlier paper (Holdridge, 1959b, Fig. 6 ) and indicated a higher silica (quartz) content in the residue.
FIRING AND CERAMIC PROPERTIES OF MARLS
The marls were fired to temperatures ranging from 950~ to 1000~ (nominal) in 50~ stages; the corrected temperatures were 980~ I035~ 1090~C and 1150~ the corresponding firing times were 21, 22, 23 and 24 hours and the Bullers' ring (B.R.) thermoscopes gave readings of 1~, 10, 17 and 27~ respectively. Two additional firings were made later to 1000~C (B.R. 2]) and 1020~ (B.R. 4~) to give additional data on porosity and moisture expansion only. The marls were tested for firing contraction, apparent porosity, modulus of rupture, reversible thermal expansion and moisture expansion.
The first three of these properties are essentially of ceramic interest and will be given brief consideration in this context, although it will be seen that they are influenced by composition: the expansile properties are of greater interest because of their mineralogical significance. Table 2 lists the ceramic properties for the highest firing temperature only. Apparent Porosity. As might be expected, the porosity changes in the reverse direction to the contraction. In all instances porosity decreased with harder firing and, again, changes in this property can be related to compositional differences; the greater the alkali and the lower the silica content the lower the porosity. Complete vitrification was not achieved in the temperature range covered so that problems related with closed pores and bloating did not arise.
Modulus of Rupture.
The strength of all marls, as indicated by the modulus of rupture values, increased with firing temperature, the increases all being in the same general order as the increases in contraction and decreases in porosity shown by the samples, indicating a clear interdependence of these three factors. Again strength can be related to the alkali and silica contents of the marls the highest strength being attained with the most easily vitrifiable sample, L, that is, the marl with the highest alkali and lowest silica contents.
Reversible Thermal Expansion. Reversible thermal expansions
were measured on the horizontal apparatus described in an earlier paper (Holdridge, 1959b) ; the results are given in Table 3 . The percentage of thermal expansion up to 200~ increased with increasing firing temperature in all instances, indicating a progressive formation of cristobalite with harder firing. The expansion up to 600~ a temperature covering the quartz inversion, also increased with firing temperature for all samples except L fired at Bullers' ring 27 89 the drop in expansion here being attributable to the greater degree of vitrification with this marl. In all instances, the appearance of the cristobalite hump was accompanied by a reduction io the expansion due to the quartz inversion indicating appreciable conversion of quartz to cristobalite, particula~ ly at the highest firing temperature; for Marl L, the amount of residual quartz was virtually nil. As was to be expected from their silica contents, the highest reversible expansion was shown by Marls /, K and G, whereas L showed the lowest expansion.
Moisture Expansion. The moisture expansion values of the marls, expressed as percentages, dete mined after subjection to steam at 50 p.s.i, for 50 hours are given in Table 4 hourly for the first 5 hours by which time much of the moisture expansion had occurred; thereafter readings were taken at 3-hour intervals. The expansion curves are typical adsorption isotherms, their position depending on the firing temperature. Holdridge and Williamson (1951) had shown that certain red clay teapot bodies had a higher moisture expansion after firing to 1000~ than after firing to 950~ and that moisture expansion subsequently fell with increasing firing temperature; in other words, the moisture expansion/firing temperature graph showed a maximum. This was confirmed in the results reported here for individual Et'uria marls, which are based on further work by Williamson and Holdridge (1952) , and for other groups from the same formation (Williamson and Holdridge, 1954) . Moreover, the same phenomenon has been observed by Holdridge and Fletcher (1954) for earthenware bodies, by Norris and Harrison (1955) for white tile bodies, by Vaughan (1956) for buff fireclay bodies and, most recently, the results of Hosking and Hueber (1960) indicate that similar behaviour occurs with Australian brick clays.
DISCUSSION OF EXPANSILE PROPFRTIES
From the mineralogical viewpoint the changes in the reversible thermal and moisture expansions are probably of greatest interest; these will be considered in turn.
Reversible Thermal Expansion. These results are particularly noteworthy because with other forms of clay, for example, the ball clays and fir~lays, siliceous samples normally show little cristobalite formation, even after firing at 1200~ and the largest amounts of cristobalite are associated with samples having the highest kaolinite and lowest quartz contents. This being so, the origin of the cristobalite in such clays has been attributed to the silica remaining after kaolinite decomposition and mullite nucleation (Holdridge, 1956) .
The Etruria Marl samples, therefore, present a new feature; although they are appreciably siliceous, and in one sample highly siliceous, there is notable cristobalite formation, much more than can be attributed to amorphous silica formed from the limited kaolinite content. Coupled with the decrease in the quartz hump of the reversible expansion with firing temperature, and its virtual disappearance with Marl L, there is a strong indication that with these clays quartz is indeed being converted to cri.tobalite. It is well known that the presence of lime can catalyze this reaction but lime is virtually absent. The greatest difference between the Etruria Marls and both ball clays and fireclays lies in the much larger amount of associated mineral material of which the predominant component is ferric oxide and/or hydroxide. Frequently, this occurs as a coating on the quartz grains and can only be removed from them by acid attack. This close association suggests that in the present instance, the catalyst aiding the conversion is most likely to be one of the iron minerals.
Mo&ture Expansion. The changes in moisture expansion of the marls with firing temperature are shown in Fig. 1 . The maximum occurs for five out of six samples at about 1000~ the sixth sample shows a maximum at a somewhat higher temperature but the shape of the curve suggests that the 1000~ value may well be low. Results with other clays and ceramic bodies give maxima at about 1000~ or sometimes a little below, sometimes a little above this temperature. The only common factor to all these varied materials is a variable amount of kaolinite in their composition and if the behaviour of kaolinite at about this temperature is considered attention is directed towards the 980~ exothermic peak of the differential thermal curve.
This peak is associated with mullite nucleation and, in some instances, with associated 7-A120 3 formation; in other words there is an initiation of an ordered crystalline structure after the breakdown of the metakaolinite residue. Experiment has shown that moisture expansion is greatest with glassy materials, rather less pronounced but still positive with amorphous materials, and least with crystalline materials; indeed, negative moisture expansions have been recorded with porous single-phase crystalline compacts of mullite, quartz and cristobalite, the moisture 'contraction' being in that order (Norris et al., i958) . The same authors record the relationship of moisture expansion to porosity and internal surface area, the second of these being a most important feature; neverthe. less, whereas internal surface area and porosity both decrease with Taking these opposing factors into consideration it will be seen ~hat the early stages of moisture expansion of high-fired materials by autoclaving are controlled by the reduced porosity, internal surface area and the crystalline content, but that after prolonged treatment there is a steady and progressive increase which must be attributed to gradual attack on the glass phase. With the low-fired samples, on the other hand, there is a rapid moisture expansion initially due to amorphous material, but little progressive expansion thereafter because the glassy phase is much less abundant.
The increase in moisture expansion below about 1000~ must be attributable to an increasing amorphous content caused by disintegration of the metakaolinite residues; the subsequent decrease, ~hough partly due to physical factors involved in textural changes, must also partly be due to the progressive crystallization of these residues with increasing firing temperature, and the formation of mullite and cristobalite.
